Introduction
============

Our understanding of the intracellular mechanisms governing osteoblast differentiation has made significant progress in the last 15 years. Schematically, three levels of regulation have been characterized in detail.

First, there are transcription factors that are either osteoblast-specific or highly expressed in cells of the osteoblast lineage. Three factors--Runx2, Osterix, and ATF4--act sequentially to control differentiation from an osteochondral progenitor to a fully differentiated and functional osteoblast ([@bib11]; [@bib29]; [@bib34]; [@bib45]). In addition, more broadly expressed transcription factors such as members of the AP1 family, CREB and FOXO1, also contribute to osteoblast differentiation and function ([@bib26]; [@bib4]; [@bib38]; [@bib24]). A second level of regulation is exerted by nuclear proteins such as STAT1, Twist, or Schnurri, among others. These factors interact with Runx2, Osterix, and/or ATF4 to decrease their activity, thereby delaying the onset of osteoblast differentiation ([@bib27]; [@bib3]; [@bib23]). The third level of regulation relies on proteins that are part of the nuclear matrix and bind DNA at nuclear matrix attachment regions (MARs). One such factor, SATB2, is involved in osteoblast differentiation through two distinct mechanisms. It inhibits expression of *Hoxa2*, a negative regulator of *Runx2* expression ([@bib25]), while increasing the activity of Runx2 and ATF4 ([@bib9]). As a result, SATB2 favors osteoblast differentiation, and thus the expression of *Osteocalcin* and *Bone sialoprotein* (*Bsp*), which can be used as molecular markers of its activity.

In the last decade, small noncoding RNAs have emerged as important regulators of gene expression. MicroRNAs (miRNAs) are small noncoding RNAs that down-regulate expression of their target genes by either mRNA degradation or translational inhibition ([@bib41]; [@bib2]; [@bib8]; [@bib21]). Although most miRNAs are broadly expressed, some have a more restricted pattern of expression, and influence cell differentiation ([@bib36]; [@bib47]; [@bib22]). The importance of this mode of gene regulation during skeletogenesis is inferred by the observation that inactivation of DICER, a protein necessary for processing of miRNAs, affects osteoblast differentiation ([@bib16]). Accordingly, it has been suggested that miRNAs may be involved in osteoblast proliferation and/or differentiation ([@bib18]; [@bib46]). However, these observations were derived from gain-of-function experiments performed in cell culture. To date, no miRNA has been shown, through cell-specific loss-of-function experiments performed in the mouse, to regulate osteoblast proliferation and/or differentiation in vivo.

We present here two miRNAs---miR-34b and miR-34c---as key regulators of skeletogenesis through two complementary mechanisms. miR-34s inhibit osteoblast proliferation by decreasing Cyclin D1, CDk4, and CDK6 accumulation while simultaneously inhibiting osteoblast differentiation by decreasing SATB2 accumulation.

Results
=======

Identification of miRNAs differentially expressed during osteoblast differentiation
-----------------------------------------------------------------------------------

With the goal of identifying miRNAs whose expression increases during osteoblast differentiation, osteoblasts obtained from mouse calvaria were cultured in the presence or absence of differentiation medium containing β-glycerophosphate and ascorbic acid. Under these conditions, osteoblasts take 21 d to fully differentiate ([@bib1]). They were then subjected to miRNA expression profile analysis, which identified a large number of miRNAs whose expression increased significantly during osteoblast differentiation ([Fig. 1 A](#fig1){ref-type="fig"}). A systematic analysis of their global pattern of expression using a published mammalian miRNA expression atlas ([@bib30]) identified miR-34b as having the most restricted expression pattern among those miRNAs whose expression increased \>1.5-fold during osteoblast differentiation ([Fig. 1 B](#fig1){ref-type="fig"}).

![**Expression profile of miR-34s and the consequence of miR-34c overexpression in osteoblasts.** (A) miRNA expression profile in pre-osteoblasts (day 0) and mature osteoblasts (day 21), as determined by microarray analysis (*n* = 3). miR-34s are highlighted by a box. (B) Expression pattern of miRNAs increased during osteoblast differentiation. (C) Expression profile of miR-34s during osteoblast differentiation, determined by qPCR (*n* = 3). The asterisks indicate that the expression of miR-34s was significantly higher at day 21 than at day 0. Error bars indicate means ± standard errors of the mean. (D) Expression pattern of miR-34s, determined by Northern blotting. Tissue RNA samples were extracted from 7-d-old mice.](JCB_201201057_Fig1){#fig1}

There are three miR-34s: miR-34a is encoded by a gene located on mouse chromosome 4, whereas miR-34b and miR-34c are encoded by genes 510 bp apart on chromosome 9. The miRNA expression profile analysis revealed a 1.8-fold increase in the expression of miR-34b and miR-34c during the course of osteoblast differentiation, whereas expression of miR-34a increased only modestly ([Fig. 1 B](#fig1){ref-type="fig"} and not depicted). This was validated by a quantitative PCR (qPCR) analysis showing that expression of miR-34b and miR-34c increased sevenfold during osteoblast differentiation, whereas miR-34a again showed a modest increase ([Fig. 1 C](#fig1){ref-type="fig"}). Moreover, miR-34a was more broadly expressed compared with miR-34b and miR-34c, whose expression was primarily restricted to osteoblasts with decreased expression observed in the brain and lung ([Fig. 1 D](#fig1){ref-type="fig"}). We also compared the spatial patterns of expression of miR-34b and miR-34c to those of miR-23a, miR-24-2, and miR-27a ([@bib18]), as well as those of miR-146b and miR-223, two additional miRNAs identified in our screen. As shown in [Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201201057/DC1){#supp1}, none of the miRNAs examined had the same restricted pattern of expression as miR-34b and -c. The relative cell specificity observed for miR-34b/c together with their induction during osteoblast differentiation gave us an incentive to study miR-34s functions in osteoblasts in vivo.

miR-34b and -c influence bone mass accrual postnatally
------------------------------------------------------

To determine whether miR-34s are involved in osteogenesis, we used a gain-of-function approach and generated transgenic mice overexpressing one representative member of this family, miR-34c, specifically in osteoblasts under control of the *α1(I) collagen* promoter.

One transgenic mouse line demonstrated a fivefold increase of miR-34c expression in osteoblasts in vivo, with no detectable ectopic expression in any of the other cell types tested ([Fig. 2 A](#fig2){ref-type="fig"}). A histological and histomorphometric analysis of vertebrae showed that 3-mo-old *α1(I)* miR-34c transgenic mice exhibited a low bone mass phenotype, as defined by a decrease of the mineralized bone volume over the total volume (BV/TV) of vertebrae ([Fig. 2 B](#fig2){ref-type="fig"}, top). This was accompanied with a decrease of both osteoblast number (N.Ob/T.Ar, osteoblast number/tissue area) and bone formation rate (BFR; BFR/BS, the annual fractional volume of trabecular bone formed per unit trabecular surface area), a measure of the activity of the osteoblasts. In contrast, osteoclast surface (Oc.S/BS, osteoclast surface/bone surface) was unaffected ([Fig. 2 B](#fig2){ref-type="fig"}). Consistent with these histological observations, circulating levels of osteocalcin, a marker of bone formation ([@bib37]), were decreased in *α1(I)* miR-34c transgenic mice, whereas those of C-terminal telopeptide of type I collagen (Ctx), a marker of bone resorption ([@bib15]), were unaffected ([Figs. 2 C](#fig2){ref-type="fig"} and [S2](http://www.jcb.org/cgi/content/full/jcb.201201057/DC1){#supp2}). At the molecular level, expression of osteoblast marker genes *Osteocalcin* and *Bsp* were decreased by 30%, whereas expression of *Runx2*, *Atf4*, *Osterix*, and *Rankl*, genes known to be expressed earlier during osteoblast differentiation, were not altered in any significant manner in bones of *α1(I)* miR-34c mice; *Col1a1* expression was also only modestly decreased ([Fig. 2 D](#fig2){ref-type="fig"}).

![**Overexpessing miR-34c in osteoblasts specifically decreased bone mass.** (A) Tissue expression pattern of miR-34c in *α1(I)* miR-34c transgenic mice, determined by qPCR (*n* = 3--5). (B) Bone histomorphometric analysis of L3 and L4 vertebrae of 3-mo-old *α1(I)* miR-34c transgenic mice (*n* = 5--9). Mineralized bone volume over the total tissue volume (BV/TV), as revealed by Von Kossa/Von Gesien staining; mineralized tissues were stained black and nonmineralized tissues were stained red. Osteoblast number per tissue area (N.Ob/T.Ar), as revealed by toluidine blue staining and osteoblasts (arrowheads), were identified as plump, cuboidal cells with a perinuclear clear zone on bone surfaces); the annual fractional volume of trabecular bone formed per unit trabecular surface area (BFR/BS) was calculated from the extent of bone surface labeled with calcein (fluorescent green labels) and the distance between the labels in areas where two labels are present. Osteoclast surface per bone surface (Oc.S/BS), as measured by TRAP staining; osteoclasts were identified as red staining cells on the bone surface. Bars, 20 µm. (C) Serum osteocalcin level in *α1(I)* miR-34c transgenic mice (*n* = 16--23). (D) Expression level of osteoblast markers in bones of *α1(I)* miR-34c transgenic mice, determined by qPCR (*n* = 7--8). Error bars indicate means ± standard errors of the mean. \*, P ≤ 0.05.](JCB_201201057_Fig2){#fig2}

These results prompted us to ask what would be the consequences of an osteoblast-specific inactivation of miR-34s. To that end, we generated floxed alleles of miR-34a and of miR-34bc ([Fig. S3, A and B](http://www.jcb.org/cgi/content/full/jcb.201201057/DC1){#supp3}), and deleted all miR-34s from the cells of the osteoblast lineage (miR-34abc^Osb−/−^ mice) using the *α1(I) collagen*-Cre transgenic mouse ([@bib7]). Before analyzing these mutant mice, we assessed the degree of recombination at each of the two loci. Recombination was high at the miR-34b and -c loci, but more modest at the miR-34a locus, where it never exceeded 30% (Fig. S3 C). In view of this rather disparate efficiency of recombination, we analyzed both miR-34abc^Osb−/−^ and miR-34bc^Osb−/−^ mice. Both mutant mouse strains developed normally, were born at the expected Mendelian ratio, and had a normal life span, indicating that embryonic development can proceed in the absence of miR-34s expression in osteoblasts.

Histomorphometric analysis of 3-mo-old miR-34abc^Osb−/−^ and miR-34bc^Osb−/−^ mice demonstrated a significant increase in bone mass as measured by BV/TV ([Fig. 3, A and D](#fig3){ref-type="fig"}). This was caused by a significant increase in the numbers of osteoblasts, resulting in an increase in the BFR, whereas osteoclast surface was not affected ([Fig. 3, A and D](#fig3){ref-type="fig"}). A microcomputer tomography analysis, performed with the goal of obtaining a three-dimensional appreciation of the bone structure, showed that cortical bone volume, bone mineral density, and cortical thickness were all increased in miR-34bc^Osb−/−^ long bones ([Fig. 3 E](#fig3){ref-type="fig"}). Consistent with their increase in osteoblast number, serum levels of osteocalcin were significantly increased in miR-34abc^Osb−/−^ and miR-34bc^Osb−/−^ mice ([Fig. 3, B and F](#fig3){ref-type="fig"}), whereas Ctx circulating levels were unaffected (Fig. S3, D and E). Similarly, expression of markers of fully differentiated osteoblasts, such as *Osteocalcin* and *Bsp*, was increased by 40--60%, whereas expressions of genes expressed earlier during osteoblast differentiation (*Runx2*, *Atf4*, *Osterix*, and *Rankl*) were unchanged, and *Col1a1* expression was modestly increased ([Fig. 3, C and G](#fig3){ref-type="fig"}). Hence, the histological, cellular, biochemical, and molecular abnormalities noted in miR-34abc^Osb−/−^ and miR-34bc^Osb−/−^ mice mirrored those effects observed in mice overexpressing miR-34c in osteoblasts. Together, these two experiments indicate that miR-34b and -c are implicated in osteoblast differentiation and/or proliferation. That the phenotypes observed in either the loss- or gain-of-function models are apparent in unchallenged animals underscores the importance of this mode of regulation of bone formation.

![**miR-34b and -c regulate bone mass accrual.** (A and D) Histomorphometric analysis of vertebrae of 3-mo-old miR-34abc^Osb−/−^ (A; *n* = 7--12) and miR-34bc^Osb−/−^ mice (D; *n* = 4--11). Representative histological images are shown. Bars, 20 µm. (B and F) Serum osteocalcin level in miR-34abc^Osb−/−^ (B; *n* = 9--11) and miR-34bc^Osb−/−^ mice (F; *n* = 11--12). (C and G) Expression level of osteoblast markers in bones of miR-34abc^Osb−/−^ (C; *n* = 3) and miR-34bc^Osb−/−^ mice (G; *n* = 4), determined by qPCR. (E) microCT analysis of long bones of 3-mo-old miR-34bc^Osb−/−^ mice (*n* = 6--7). Error bars indicate means ± standard errors of the mean. \*, P ≤ 0.05.](JCB_201201057_Fig3){#fig3}

Molecular basis of miR-34b and -c regulation of osteoblast proliferation
------------------------------------------------------------------------

Next, we examined the molecular bases behind the increase in osteoblast number observed in miR-34bc^Osb−/−^ mice. A TUNEL assay performed in vivo failed to detect any difference between miR-34bc^Osb−/−^ and miR-34bc^fl/fl^ osteoblasts ([Fig. S4 A](http://www.jcb.org/cgi/content/full/jcb.201201057/DC1){#supp4}). In contrast, BrdU incorporation analysis performed in vivo showed a significant increase in the number of proliferating osteoblasts in miR-34bc^Osb−/−^ versus miR-34bc^fl/fl^ bones; conversely, this number was decreased in *α1(I)* miR-34c transgenic mice ([Fig. 4 A](#fig4){ref-type="fig"}). These data indicated that miR-34b and -c affect osteoblast proliferation.

![**miR-34b and -c regulate osteoblast proliferation.** (A) Proliferation of osteoblasts in miR-34bc^Osb−/−^ and *α1(I)* miR-34c transgenic mice at p14, measured by BrdU incorporation (*n* = 3--5). Representative images of a BrdU incorporation assay in calvaria of miR-34bc^Osb−/−^ mice and *α1(I)* miR-34c transgenic mice at p14. The first two layers of cells lining the cortical bone surface were typed as osteoblasts. Proliferating osteoblasts (arrowheads) were BrdU-positive cells (green), and nuclei were stained as blue (DAPI). BM, bone marrow. Bar, 20 µm. (B) Alignment of miR-34s showing complementary pairing to the 3′ UTRs of *Cyclin D1*. (C) Effect of miR-34 expression on luciferase reporter plasmids carrying either WT or mutant *Cyclin D1* 3′ UTRs (*n* = 3). \#, P \< 0.001. (D--G) Effect of knockdown (D and E) and overexpressing miR-34s (F) on Cyclin D1 protein level, as well as Cyclin D1 protein level in bones of miR-34bc^Osb−/−^ and *α1(I)* miR-34c mice (G; *n* = 3--5 of each genotype), determined by Western blot and quantified using ImageJ. Quantification of Western blots was summarized from at least three independent experiments. (H) Alignment of miR-34s showing complementary pairing to the 3′ UTRs of *CDK4* and *CDK6*. (I) CDK4 and CDk6 protein levels in miR-34bc^−/−^ osteoblasts. (J) CDK4 and CDk6 protein levels in bones of miR-34bc^Osb−/−^ and *α1(I)* miR-34c mice (*n* = 3--5 of each genotype). Error bars indicate means ± standard errors of the mean. \*, P ≤ 0.05.](JCB_201201057R_Fig4){#fig4}

In view of this data, we used an in silico approach (TargetScanMouse 5.2; [www.targetscan.org](http://www.targetscan.org){#supp5}) to search for regulators of the cell cycle that could be targets of miR-34s. This analysis identified Cyclin D1 as a putative target of miR-34s. The Cyclin D1 3′ untranslated region (UTR) sequence contains a highly conserved binding site for miR-34 between 1,853 and 1,859 ([Fig. 4 B](#fig4){ref-type="fig"}). Forced expression of either member of the miR-34 family in COS cells decreased the activity of the luciferase reporter gene containing the wild type (WT), but not a mutated sequence of the 3′ UTR, of *Cyclin D1* ([Fig. 4 C](#fig4){ref-type="fig"}).

Because *Cyclin D1* expression is not affected in the absence of miR-34s (Fig. S4 B), we tested whether miR-34s affect Cyclin D1 translation by performing Western blots on osteoblast extracts isolated from miR-34bc^fl/fl^ bones that were infected with an adenovirus expressing *Cre* recombinase or vector alone. There was a 2.5-fold increase in Cyclin D1 protein accumulation in miR-34bc^−/−^ osteoblasts ([Fig. 4 D](#fig4){ref-type="fig"}). Likewise, knockdown of miR-34b and -c in primary osteoblasts through the transfection of specific hairpin inhibitors increased Cyclin D1 protein accumulation nearly twofold ([Fig. 4 E](#fig4){ref-type="fig"}), whereas overexpression of either member of the miR-34 family decreased endogenous Cyclin D1 accumulation 33--44% ([Fig. 4 F](#fig4){ref-type="fig"}). Moreover, Cyclin D1 protein level was increased in bones of miR-34bc^Osb−/−^ mice and decreased in those of *α1(I)* miR-34c mice ([Fig. 4 G](#fig4){ref-type="fig"}).

We explored further our in silico analysis using a different database (Targets and Expression, [www.microrna.org](http://www.microrna.org){#supp6}) and identified Cyclin E2, Met, Cdk4, Cdk6, E2f5, and E2f3 as potential targets of miR-34b and -c ([@bib31]). The 3′ UTRs of Cdk4 and Cdk6 contain predicted binding sites for miR-34 between 196 and 218, and 214 and 236, respectively ([Fig. 4 H](#fig4){ref-type="fig"}). Western blots performed using extracts from osteoblasts isolated from miR-34bc^fl/fl^ bones infected with an adenovirus expressing the *Cre* recombinase showed a 2.5-fold increase in the abundance of CDK4 and CDK6 ([Fig. 4 I](#fig4){ref-type="fig"}), whereas protein levels of Cyclin E2, MET, E2F5, and E2F3 were unchanged (Fig. S4 C). More importantly, protein levels of CDK4 and CDK6 were increased nearly twofold in bones of miR-34bc^Osb−/−^ mice and decreased 60--70% in those of *α1(I)* miR-34c mice ([Fig. 4 J](#fig4){ref-type="fig"}). These data, which are congruent and were obtained through the analysis of loss- and gain-of-function mouse models, identify Cdk4 and Cdk6 as two additional targets of miR-34s in osteoblasts; hence, they provide further evidence of their ability to modulate proliferation of this cell type.

Lastly, because miR-34s have been proposed to regulate canonical Wnt signaling ([@bib28]), we also examined expression of the Wnt signaling target genes: *Axin2*, *Tcf1*, *Tcf3*, and *Osteoprotegerin* (*Opg*), but failed to detect any significant change in the expression of these genes in either our loss- or gain-of-function models of miR-34s (Fig. S4 D). This is consistent with the fact that miR-34b/c disruption in osteoblasts, using the same Cre driver, does not affect *Opg* expression, osteoclast differentiation, or bone resorption, all functions affected by canonical Wnt signaling in differentiated osteoblasts ([@bib17]).

miR-34b and -c inhibit osteoblast differentiation during embryonic development
------------------------------------------------------------------------------

Next, we asked whether miR-34s affect osteoblast differentiation. This question was raised by two observations. First, when put in culture, miR-34bc^Osb−/−^ osteoblasts formed 35% more mineralized nodules than control osteoblasts ([Fig. 5 A](#fig5){ref-type="fig"}). Second, during embryogenesis, miR-34b expression increased markedly from E10.5 to E16.5 in tibiae ([Fig. 5 B](#fig5){ref-type="fig"}).

![**miR-34b and -c regulate osteoblast differentiation.** (A) Mineralized nodule formation of control and miR-34bc^Osb−/−^ osteoblasts after 2 wk of differentiation ex vivo, determined by Von Kossa staining and quantified by ImageJ (*n* = 3). (B) Expression of miR-34b in tibiae of E10.5, E14.5 E15.5, and E16.5 embryos. (C and D) Alcian blue/alizarin red staining of skeletal preparations of miR-34bc^Osb−/−^ embryos. Arrowheads point to regions of premature ECM mineralization in miR-34bc^Osb−/−^ embryos. The area of mineralization over tissue area was measured using ImageJ (E14.5, *n* = 6; E16.5, *n* = 3--4). (E) Representative images of Von Kossa/Von Geisen staining of tibia in E13.5 and E14.5 miR-34bc^Osb−/−^ embryos. (F) Expression of *Osteocalcin*, *Bsp*, and *Osterix* in calvaria of E14.5 and E16.5 miR-34bc^Osb−/−^ embryos (*n* = 3--5). Error bars indicate means ± standard errors of the mean. \*, P ≤ 0.05. Bar, 100 µm.](JCB_201201057_Fig5){#fig5}

To address this question in vivo, we isolated miR-34bc^fl/fl^ and miR-34bc^Osb−/−^ embryos at E12.5, E13.5, E14.5, and E16.5, and generated skeletal preparations that were stained with alcian blue for cartilage, and alizarin red for mineralized ECM. The earliest time point at which we could detect a phenotypic abnormality was E13.5. At that stage there was ECM mineralization, an event suggestive of bone formation, in tibiae of miR-34bc^Osb−/−^ but not of control embryos ([Fig. 5 C](#fig5){ref-type="fig"}). At E14.5, ECM mineralization was now observed in lumbar and dorsal vertebrae of miR-34bc^Osb−/−^ but not in control embryos. Likewise, there was premature ECM mineralization in digits of miR-34bc^Osb−/−^ embryos ([Fig. 5 D](#fig5){ref-type="fig"}). Consistent with the alizarin red staining, histological analysis of tibia at E13.5 and E14.5 showed the presence of a mineralized bone collar at E13.5, and of nascent trabecula at E14.5 in miR-34bc^Osb−/−^ mice, but not in control bones ([Fig. 5 E](#fig5){ref-type="fig"}). Quantitative real-time PCR revealed a significant increase in *Osteocalcin* expression at E14.5 and E16.5 miR-34bc^Osb−/−^ calvaria ([Fig. 5 F](#fig5){ref-type="fig"}). A similar increase was seen in E16.5 miR-34bc^Osb−/−^ calvaria for *Bsp* expression ([Fig. 5 F](#fig5){ref-type="fig"}). Consistent with the cell-specific nature of the gene deletion, there was no overt difference in the growth plate cartilage between miR-34bc^Osb−/−^ and control embryos ([Fig. S5 A](http://www.jcb.org/cgi/content/full/jcb.201201057/DC1){#supp7}). Collectively, these data indicate that miR-34b and -c regulate osteoblast differentiation during embryonic development.

Molecular basis of miR-34 regulation of osteoblast differentiation
------------------------------------------------------------------

To determine the molecular basis of the regulation of osteoblast differentiation by miR-34s, we again used in silico approaches (TargetScan and microRNA.org) to identify putative target genes of miR-34s whose relevance could be ascertained through loss-of-function experiments in the mouse. Two putative targets emerged from this survey.

The first hit in this list of 324 predicted target genes was *Satb2* ([Fig. 6 A](#fig6){ref-type="fig"}).

![**miR-34b and -c regulate osteoblast differentiation by inhibiting Satb2 accumulation.** (A) List of top 10 putative targets of miR-34s identified by in silico analysis (TargetScanMouse5.2). (B) Alignment of miR-34c showing complementary pairing to the *Satb2* 3′ UTR. (C) Effect of miR-34 expression on luciferase reporter plasmids carrying either WT or mutant *Satb2* 3′ UTRs (*n* = 3). \#, P \< 0.001. (D and E) Effect of knockdown (D) and overexpressing miR-34s (E) on SATB2 protein level, determined by Western blotting and quantified using ImageJ. Quantification of Western blots was summarized from at least three independent experiments. (F) SATB2 protein level in bones of *α1(I)* miR-34c mice and miR-34bc^Osb−/−^ (shown as the prominent upper band, *n* = 3--10 of each genotype). (G) mRNA level of osteoblast markers in miR-34bc^−/−^ osteoblasts (*n* = 3). Error bars indicate means ± standard errors of the mean. \*, P ≤ 0.05.](JCB_201201057_Fig6){#fig6}

Several lines of evidence verified that *Satb2* is a bona fide target of miR-34s. First, sequence analysis revealed that there are two conserved binding sites for miR-34s in *Satb2* 3′ UTR: one at 673--679 and another one at 2,411--2,417 ([Fig. 6 B](#fig6){ref-type="fig"}). Second, in DNA cotransfection assays performed in COS cells, forced expression of either member of the miR-34 family inhibited luciferase activity of a vector containing the WT 3′ UTR of *Satb2*, but not a mutated *Satb2* 3′ UTR in which either one or both miR-34 binding sites had been mutated ([Fig. 6 C](#fig6){ref-type="fig"}). Third, in miR-34bc^−/−^ osteoblasts and in primary osteoblasts transfected with specific inhibitors of miR-34b and -c, or, to a lower extent, of miR-34a, Western blot analysis showed an increase in SATB2 protein ([Fig. 6 D](#fig6){ref-type="fig"}). Conversely, forced expression of each member of the miR-34 family in osteoblasts resulted in a 50--70% decrease in SATB2 protein ([Fig. 6 E](#fig6){ref-type="fig"}), whereas deletion of miR-34s did not affect the *Satb2* mRNA level ([Fig. 6 G](#fig6){ref-type="fig"}). Fourth, and in a mirror image of what is seen in *Satb2^−/−^* osteoblasts ([@bib9]), *Ocn* and *Bsp* expression was increased while *Hoxa2* expression was decreased in miR-34bc^−/−^ osteoblasts ([Fig. 6 G](#fig6){ref-type="fig"}). Lastly, SATB2 protein levels were increased in bones of miR-34bc^Osb−/−^ mice and decreased in bones of *α1(I)* miR-34c mice ([Fig. 6 F](#fig6){ref-type="fig"}).

We reasoned that if *Satb2* is a biologically relevant target of miR-34s, removing one allele of this gene from miR-34bc^Osb−/−^ mice should correct their phenotypic and molecular abnormalities. Indeed, we observed that removing one allele of *Satb2* from miR-34bc^Osb−/−^ mice normalized its protein level in bones ([Fig. 7 A](#fig7){ref-type="fig"}), but also normalized bone mass, BFR, and the number of osteoblasts in miR-34bc^Osb−/−^ mice ([Fig. 7 B](#fig7){ref-type="fig"}). Likewise, expression of *Osteocalcin* and *Bsp* was similar in miR-34bc^fl/fl^ and miR-34bc^Osb−/−^;Satb2^+/−^ mice, and lower than in miR-34bc^Osb−/−^ mice at 3 mo of age ([Fig. 7 C](#fig7){ref-type="fig"}). These data provide an in vivo verification of the importance of SATB2 regulation by miR-34b and -c in osteoblasts in vivo.

![**miR-34b and -c regulate bone mass accrual in a Satb2-dependent manner.** (A) SATB2 protein level in bones of miR-34bc^Osb−/−^;Satb2^+/−^ mice (*n* = 3--10 of each genotype). (B) Histomorphometric analysis of L3 and L4 vertebrae of miR-34bc^Osb−/−^;Satb2^+/−^ mice (*n* = 7--12) at 3 mo of age. Representative histological images were shown. Bar, 20 µm. (C) Expression level of *Osteocalcin* and *Bsp* in bones of miR-34bc^Osb−/−^;Satb2^+/−^ mice (*n* = 5--9), determined by qPCR. Asterisks in A, B, and C indicate that miR-34bc^Osb−/−^ mice are significantly different from the other groups; P ≤ 0.05. Error bars indicate means ± standard errors of the mean. (D) Model of the functions of miR-34s in osteoblasts.](JCB_201201057_Fig7){#fig7}

The fifth hit in this list was *Notch1*, an important determinant of skeletogenesis ([@bib14]; [@bib20]) that is also a regulator of *Cyclin D1* expression ([@bib39]). Hence, we asked whether Notch1 accumulation was affected by miR-34b/c deletion and if it was the cause of the decreased levels of Cyclin D1 observed in miR-34bc^Osb−/−^ bones. However, Cyclin D1 accumulation was increased in miR-34bc^−/−^ osteoblasts, whereas Notch1 was not (Fig. S5 B). This experiment indicates that miR-34b and -c regulates Cyclin D1 accumulation in a Notch1-independent manner.

Discussion
==========

The cell-specific loss-of-function experiments presented here provide in vivo evidence that miRNAs play a role in osteoblast proliferation and differentiation occurring during embryogenesis and postnatally, and identify miR-34b and -c as two such miRNAs. To the best of our knowledge these are the first miRNAs shown to affect osteoblast differentiation and proliferation in vivo through identifiable pathways ([Fig. 7 D](#fig7){ref-type="fig"}).

A remarkable feature of these two miRNAs is that their influence on osteoblast biology is observed in unchallenged mice. This observation contrasts with the fact that the functions of many miRNAs involved in the development of the heart, an organ where they have been intensively studied, are revealed only in challenged animals ([@bib42]; [@bib43]; [@bib32]; [@bib40]). This observation, together with the dual pre- and postnatal role of miR-34s, underscores their importance in bone development and physiology. Importantly, our initial screen suggests that other miRNAs may influence skeletogenesis and bone mass accrual as well. Therefore, our results are an incentive to determine if and how they may affect bone formation in unchallenged mice.

Our in vivo analysis showed that miR-34b/c affects osteoblast proliferation without affecting osteoclast number and bone resorption. This observation, together with the analyses of other animal models in which bone formation and bone resorption are not coordinately regulated ([@bib6]; [@bib13]), provide further evidence that bone formation and bone resorption need not be coupled in vivo ([@bib12]). The fact that miR-34s affect osteoblast proliferation and bone formation so significantly without affecting bone resorption raises the prospect that they may also be implicated in the recently uncovered regulation of bone formation by gut-derived serotonin ([@bib44]).

To elucidate the molecular basis underlying miR-34 regulation of bone, we used in silico analyses and identified *Cyclin D1*, *Cdk4*, and *Cdk6* as potential targets for these miRNAs ([@bib19]; [@bib31]). Further analysis of the *CyclinD1*, *Cdk4*, and *Cdk6* 3′ UTR identified bona fide miR-34 binding sites ([Fig. 4 B and H](#fig4){ref-type="fig"}), and Western blots of miR-34bc^−/−^ osteoblasts verified that accumulation of these three proteins was regulated by miR-34s in osteoblasts. However, it is likely that other genes affecting cell cycle progression may be targets of miR-34b and -c in osteoblasts as well. A more systematic analysis of all the putative targets of these two miRNAs will allow us to address this question.

In addition to osteoblast proliferation, miR-34b and -c influence rather profoundly the differentiation of mesenchymal cell progenitors along the osteoblast lineage. Analysis of this function of miR-34s allowed us to uncover these mechanisms of action in vivo. Indeed, among many candidate targets that could mediate their function, the first one to emerge was SATB2. Molecular and genetic evidence showed that it is a target of miR-34b and -c, and is most likely the main molecular mechanism responsible for miR-34 regulation of osteoblast differentiation, at least during the postnatal period. The direct regulation of SATB2 by miR-34s explains why these miRNAs regulate *Osteocalcin*, *Bsp*, and possibly other genes whose expression is controlled by Runx2 and SATB2 or ATF4 and SATB2. Because the osteoblast differentiation defect in miR-34bc^Osb−/−^ mice is initiated during embryonic development, it will be interested to study whether SATB2 is also the main target of miR-34s in developing osteoblasts during skeletogenesis. However, we remain fully aware that *Sabt2* may not be the only target of miR-34s in regulation of osteoblast differentiation, and our result does not exclude the possibility that other putative targets, such as *Notch1* and/or other genes yet to be identified, may additionally account for the ability of miR-34b and -c to regulate osteoblast differentiation during development.

In summary, this work illustrates the emerging importance of this mode of regulation for organogenesis by expanding it to the skeleton. Moreover, using genetic approaches to identify the nuclear matrix protein Satb2 as a target of miR-34s provides one molecular mechanism whereby miR-34s modulate osteoblast differentiation in vivo.

Materials and methods
=====================

Mice generation
---------------

To generate osteoblast-specific miR-34s--deficient mice, targeting vectors harboring LoxP sites, as well as a flippase recognition target (FRT)-framed neomycin resistance cassette, were electroporated into embryonic stem (ES) cells (CSL3,129/SvEvTac; Columbia Presbyterian Cancer Center Transgenic Facility; Fig. S3, A and B). ES cells containing the floxed allele were injected in 129Sv/EV blastocysts to generate chimeric mice. Chimeric mice were crossed to Gt(ROSA)26Sor^tm1(FLP1)Dym^ mice (10 times backcrossed to C57/B6, obtained from The Jackson Laboratory) to remove the neomycin resistance cassette and to generate *flox/+* mice. *Flox/+* mice were then crossed with *α1(I)Col-Cre* mice (10 times backcrossed to C57/B6) to generate *Osb^+/−^* mice, whose progenies were intercrossed to obtain *Osb^−/−^* mice. miR-34abc^Osb−/−^ mice were obtained by intercrossing miR-34a^Osb−/−^ *and* miR-34bc^Osb−/−^ mice. To generate *α1(I)* miR-34c transgenic mice, a cDNA fragment of the miR-34c was cloned into a plasmid containing a 2.3-kb *α1(I)* collagen promoter and microinjected using standard protocols. *Satb2^+/−^* mice were generated previously by inserting a β-galactosidase/pGKneo-pA cassette in frame with the ATG codon of the SATB2 gene ([@bib9]). Except for *α1(I)* miR-34c transgenic, which had been backcrossed five times with C57/B6, all other mice analyzed were maintained on a C57/129 mixed background.

Cell culture and transfection
-----------------------------

Primary mouse calvaria osteoblasts were cultured as described previously ([@bib10]). In brief, osteoblasts from calvaria of newborn pups were isolated by sequential digestion of 15, 30, and 45 min in αMEM medium containing 0.1 mg/ml collagenase P-10% trypsin, and were cultured in αMEM/10% FBS for 2 d. Thereafter, to induce osteoblast differentiation, the medium was supplemented with 5 mM β-glycerophosphate and 100 µg/ml ascorbic acid, and replaced every 2 d. miR-34bc^−/−^ calvaria osteoblasts were generated ex vivo by infecting miR-34bc^fl/fl^ osteoblasts with either GFP- or Cre-GFP--expressing adenovirus (University of Iowa). miRIDIAN mimics and hairpin inhibitors of miR-34s were purchased from Thermo Fisher Scientific, Inc., and transfected using DharmaFECT transfection reagents as described by the manufacturer (Thermo Fisher Scientific). 48 h after transfection, protein samples were extracted for Western blots.

Microarray and qPCR
-------------------

Microarray analysis was performed using the miRCURY LNA microRNA Array system (Exiqon). For detection of miRNA, RNA purification was performed using miRNeasy Mini kit (QIAGEN), and cDNA synthesis and qPCR were performed according to the TaqMan Small RNA assay's instructions (Applied Biosystems). Relative expression levels of each miRNA were normalized to *U6* expression levels. For quantifying gene expression, unless specified in the figure legend, femurs and tibiae of 3-mo-old mice were used for RNA preparation. After femurs and tibiae were dissected out, connective tissue and growth plate were removed and bone marrow cells were flushed out with 1× PBS before isolating RNA. Bone RNA samples were purified using TRIZOL reagent (Invitrogen). 2 µg of total RNA was reverse transcribed into cDNA using M-MLV reverse transcription (Invitrogen) in a 50-µl reaction volume, then 1.5 µl of cDNA was used for qPCR. Relative expression levels of each gene were normalized to 18S ribosomal RNA levels.

Luciferase reporter assay
-------------------------

A pMIR-REPORT miRNA Expression Reporter Vector system was used for luciferase reporter assays and performed according to manufacturer's instructions (Invitrogen). WT or mutated 3′ UTRs of *Satb2* and *Cyclin D1* were subcloned downstream of the luciferase gene in the pMIR-REPORT luciferase vector, and cDNAs of miR-34s were cloned into the pcDNA3.0 vector. These vectors were then cotransfected into COS-7 cells along with pMIR-REPORT β-gal control plasmid. After 24 h, luciferase activity was measured and normalized to β-galactosidase levels as described previously ([@bib10]). In brief, cells were harvested and lysed in 0.25 M Tris-HCl, pH 7.9, by three cycles of freeze-thawing. Luciferase activities were assayed by using [d]{.smallcaps}-luciferin substrate (Sigma-Aldrich) in 100 mM potassium phosphate, pH 7.8, 5 mM ATP, 15 mM MgSO~4~, and 1 mM dithiothreitol, and measured in a Monolight 2010 luminometer (Analytical Luminescence Laboratory). β-Galactosidase activities present in each lysate were measured by a colorimetric enzyme assay using resorufin β-[d]{.smallcaps}-galactopyranoside (Sigma-Aldrich) as a substrate. Relative luciferase activity was calculated with respect to cells transfected with pcDNA3.0 vector.

In silico analysis
------------------

In silico analysis of putative targets of miRNA were performed using two databases: TargetScanMouse5.2 (<http://www.targetscan.org/mmu_50/>) and microRNA.org, Targets and Expression. The putative targets were ranked according to the total context score value of the conserved sites (the lower value; i.e., the more favorable target).

Northern and Western blot analyses
----------------------------------

Northern and Western blot analyses were performed according to standard protocols. Antibodies used were anti-SATB2, Notch1, Cyclin E2, E2F3, E2F5 (Abcam), anti--Cyclin D1, β-Actin, CDK4, CDK6, and MET (Cell Signaling Technology). Quantification of Western blots was performed using ImageJ. Protein levels were quantified and normalized to β-Actin levels. Relative protein levels were calculated with respect to control samples.

Serum biochemistry
------------------

ELISA was used to measure serum Osteocalcin (Biomedical Technologies, Inc.) and Ctx (RatLaps; IDS), and performed according to manufacturer's instructions.

Proliferation and cell death assay
----------------------------------

BrdU was IP injected in P14 mice at a dose of 100 µg/g 16 h before sacrifice. Calvaria bones were dissected and fixed in 4% PFA overnight. These samples were decalcified in 14% EDTA for 3 d, soaked in 30% sucrose in PBS for 1 d, embedded in OCT compound (Tissue-Tek), and sectioned at 5 µm. BrdU incorporation was detected by using a commercial BrdU detection kit (Roche). A TUNEL assay was performed using an In Situ Cell Death Detection kit (Roche).

Skeleton preparation, histology, and histomorphometry
-----------------------------------------------------

Skeleton preparations and alcian blue/alizarin red staining were performed according to standard protocols ([@bib33]). In brief, mouse skeletons at each indicated time point of development were dissected and fixed in 95% ethanol at 4°C overnight, and stained with 0.015% Alcian blue 8GX dye (Sigma-Aldrich) for 1 d, followed by staining with 0.005% Alizarin red solution (Sigma-Aldrich) overnight. Specimens were cleared and stored in 50% glycerol/50% ethanol.

Bone histology and histomorphometry were performed at the site of L3 and L4 vertebrae in 3-mo-old female mice, as described previously ([@bib5]; [@bib35]). In brief, vertebrae were dissected out and fixed in 4% formaldehyde for 18 h at 4°C. Undecalcified bones were embedded in methyl methacrylate, and 5--7-µm sections were prepared on a rotation microtome. For mineralized bone volume over the total tissue volume (BV/TV), sections were stained with von Kossa reagent (3% silver nitrate) counterstained with Van Gieson solution (Sigma-Aldrich). BFR (the annual fractional volume of trabecular bone formed per unit trabecular surface area, BFR/BS) was analyzed by the calcein double-labeling method. Accordingly, mice were injected twice with 20 mg/kg calcein 7 and 2 d, respectively, before sacrifice. For the analysis of parameters of osteoblasts (osteoblast number per tissue area, N.Ob/T.Ar), bone sections were stained with 1% toluidine blue. For the analysis of parameters of osteoclasts (osteoclast surface per bone surface, Oc.S/BS), bone sections were incubated for 30 min in TRAP staining solution at 37°C and then counterstained with hematoxylin. Osteoclasts were defined as multinucleated dark red cells along the bone surface. Histological sections were viewed under a microscope (DMLB; Leica) using a 40× objective lens at RT. Histomorphometric analysis was performed using the Osteomeasure System (OsteoMetrics).

µCT analysis
------------

Cortical bone architecture of femur was assessed using a µCT system (VivaCT 40; SCANCO Medical AG). Cortical bone volume, mineralization density, and midshaft thickness were analyzed using the standard software provided by the manufacturer of the µCT scanner.

Statistics
----------

All data are presented as means ± standard errors of the mean. Statistical analyses were performed using unpaired, two-tailed Student's *t* tests. For all experiments, \*, P ≤ 0.05; \#, P ≤ 0.001.

Microscopy
----------

Histological stained embryos and osteoblast cultures were viewed under a dissecting microscope (MZ95; Leica) using a 1× objective lens at RT. Histological sections of Von Kossa/Van Gieson staining were viewed under a light microscope (4000B; Leica) using 5× (adults) or 10× (embryos) objective lenses at RT. BrdU and TUNEL staining were viewed under a fluorescent microscope (4000B; Leica) using a 20× objective lens at RT. All images were acquired with a camera (DFC300FX; Leica) and FireCam image software (Leica). Images were processed with Photoshop (Adobe), and imaged figures were constructed in Illustrator (Adobe).

Online supplemental material
----------------------------

Fig. S1 provides tissue expression pattern of miR-34b and -c in WT mice comparing to miR-22, -146b, -24--2, -23a, and -27a. Fig. S2 provides serum Ctx level of *α1(I)* miR-34c transgenic mice. Fig. S3 provides targeting strategy of miR-34a^Osb−/−^ mice and miR-34bc^Osb−/−^ mice, and recombination efficiency of miR-34s in these mutant mice. Fig. S4 provides the quantification data of a TUNEL assay of *α1(I)* miR-34c transgenic and miR-34bc^Osb−/−^ mice. Fig. S5 shows the growth plate of femur in E14.5 miR-34bc^fl/fl^ and miR-34bc^Osb−/−^ embryos. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201201057/DC1>.
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